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Near-circularly-polarized attosecond pulse generation from carbon monoxide molecules
with a combination of linearly and circularly polarized fields
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We investigate the polarization properties of high harmonics generated from oriented carbon monoxide
molecules driven by a linearly polarized laser field combined with a weaker circularly polarized high-frequency
assistant laser field (LPCP). The results show that the harmonics with higher ellipticities are obtained close to
the cutoff region. Further analysis shows that the results are due to the manipulation of the electron trajectory
by the LPCP field and the molecular asymmetric structure. By taking advantage of the properties above, we
propose and theoretically demonstrate a method to generate attosecond extreme ultraviolet pulses with large
ellipticity. Because of the difference of harmonic ellipticities contributed from the long and short trajectories,
an even higher harmonic ellipticity can be obtained by filtering the long trajectory. In addition, by adjusting the
relative phase between linearly polarized and circularly polarized fields, the attosecond XUV pulse varies from
being left-elliptically polarized to right-elliptically polarized.
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I. INTRODUCTION

High-order harmonic generation (HHG) is a highly non-
linear process that up-converts intense the infrared laser field
into the extreme ultraviolet (XUV) and soft x-ray radiation
[1–3]. The generated harmonic spectrum containing abundant
information about the structure and dynamics of the target
has been widely employed for the ultrafast detection in atoms
[4–6], in molecules [7–11], and in solids [12–14]. In recent
decades, HHG from atoms and molecules has been intensively
studied for its potential applications in generating coherent
attosecond pulses (APs) [15–17]. The availability of APs has
provided an unprecedented temporal resolution for probing
ultrafast processes of physics and chemistry. For instance, by
using the newly developed tools of attosecond metrology, one
can experimentally observe the electron tunneling in atoms
with sub-femtosecond temporal resolution [18].

To date, nearly-circularly-polarized HHG and APs have
numerous important applications, e.g., chiral recognition
[19,20] and differential measurements of circular dichroism
of molecules [21,22]. Therefore, the study of the generation
of nonlinearly polarized APs has attracted general interest
in recent years. Due to the rescattering mechanism of the
HHG process, the efficiency of HHG is decreased compared
to that applying an LP laser field [23,24]. Some methods have
been proposed to overcome this problem. Nearly-circularly-
polarized AP [25] and elliptically polarized AP with ultrafast
helicity oscillation [26] have been theoretically demonstrated
by taking advantage of ring-current states. Circularly polar-
ized (CP) high-order harmonics can also be generated by
combining an elliptically polarized laser field with strong
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static fields or a few-cycle elliptically polarized laser field
with terahertz fields from molecular media [27]. Resonant
below-threshold HHG in elliptical laser fields also holds
great potential for creating CP XUV sources [19]. Apart
from these works, it has been demonstrated that CP APs can
be generated with a bichromatic counterrotating circularly
polarized (BCCP) driving laser field [22,28–31]. However,
the two adjacent harmonics gain opposite helicities in this
scheme, which will decrease the ellipticity of the synthesized
AP. In recent works, HHG driven by two noncollinear beams
with counterrotating circular polarization can directly gener-
ate CP harmonics with opposite helicities separated in space
[21,32,33].

In this paper, we propose and investigate a scheme for the
generation of highly elliptically polarized APs. Specifically,
we use a combined laser field composed of a strong LP
component with a weaker CP assistant component (LPCP
field) interacting with oriented CO molecules to generate CP
high-order harmonics close to the cutoff region. From this,
one can efficiently generate both a highly elliptically polarized
attosecond pulse train (APT) by using a long LPCP field and a
highly elliptically isolated polarized attosecond pulses (IAPs)
by using around 10-fs LPCP driving field. Because of the
difference of harmonic ellipticities contributed to by the long
and short trajectories, an even higher harmonic ellipticity can
be obtained by filtering the long trajectory. In addition, by
adjusting the relative phase between linearly polarized and
circularly polarized fields, the ellipticity of the attosecond
XUV pulse can be tuned in a wide range.

II. THEORETICAL MODEL

In our simulations, we investigate HHG based on the two-
dimensional time-dependent Schrödinger equation (TDSE)
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[34]

i
∂�(r, t )

∂t
= H (r, t )�(r, t ). (1)

Atomic units (a.u.) are used throughout this paper. H (r, t ) is
the length gauge time-dependent Hamiltonian given by

H (r, t ) = −1

2
∇2 + V (r) − r · E(t ). (2)

The highest occupied molecular orbital (HOMO) of target
molecule CO is modeled by a soft-core potential [35], which
has the form in the Cartesian coordinates

V (r) = − (Z1i − Z1o)e−[(r−R1 )2/ρ] + Z1o√
ξ + (r − R1)2

− (Z2i − Z2o)e−[(r−R2 )2/ρ] + Z2o√
ξ + (r − R2)2

. (3)

Here Z1i = 6, Z1o = 0.6 and Z2i = 4, Z2o = 0.4 denote the
bare charge and the effective nuclear charge as seen by an
electron at infinite distance for the O center and the C center,
respectively. The subscripts i and o denote the inner and outer
limits of Z1 and Z2. R1 and R2 are the positions of the nuclei.
ξ = 0.5 and ρ = 1/1.746 are the softening and the screening
parameters. r ≡ (x, y) denotes the electron position in the
two-dimensional x-y plane.

We use the split-operator method to solve the TDSE
[34]. We obtain the ground state by imaginary time prop-
agation. The calculated ionization potential is 14.5 eV,
agreeing well with the experimental value of CO. The
LPCP laser field vector polarized in the x-y plane is
defined by E(t ) = f (t ){[E1 cos(ωt + �φ) + E2 cos(2ωt )]x̂−
E2 sin(2ωt )ŷ}, where E1 is the amplitude of the LP laser field,
E2 is the amplitude of the CP laser field, and ω is the frequency
of the LP pulse. The CP pulse with the frequency 2ω rotates
clockwise. f (t ) is the envelope of the pulse. �φ is the relative
phase between LP and CP fields.

To avoid spurious reflections from the spatial boundaries,
the electron wave function �(r, t ) is multiplied by a mask
function G with the following form [36]:

G = gx(x)gy(y) (4)

at each time step, in which

gx(x) =
{

1 |x| < Rx − Lx

sin1/8
(

π (Rx−|x|)
2Lx

)
|x| � Rx − Lx

(5)

and

gy(y) =
{

1 |y| < Ry − Ly

sin1/8
(

π (Ry−|y|)
2Ly

)
|y| � Ry − Ly

. (6)

For all results reported here, we set the width of the “ab-
sorbing” area as Lx = 45 a.u. and Ly = 45 a.u. The range
of the “mask function” is from −135 a.u. to 135 a.u., i.e.,
Rx = Ry = 135 a.u.. The space step is dx = dy = 0.13 a.u.
and the time step is dt = 0.05 a.u. in our simulations. The
time-dependent dipole acceleration can be obtained by means
of the Ehrenfest theorem

Aq(t ) = −〈�(t )‖H (t ), [H (t ), q]‖�(t )〉, q = x, y. (7)

FIG. 1. Schematic diagram of a CO molecule in the LPCP field.
The molecule is oriented along the y axis. The incident fundamental
frequency laser is linearly polarized along the x axis, the other
weaker laser field circularly is polarized in the x-y plane and their
propagation directions are along the z axis.

Then, the HHG is obtained by Fourier-transforming the dipole
acceleration

aq(ωn) =
∫

Aq(t ) exp (−iωnt )dt, (8)

with ωn = 2nπ
T0

, n = 1, 2, . . ., and T0 is the optical cycle of
the fundamental laser field. The intensity of left- and right-
circularly-polarized harmonic components can be obtained by

I± = |a±|2, (9)

where a± = 1√
2
(ax ± iay). The ellipticity of high-order har-

monics can be obtained as [37,38]

ε = |a+| − |a−|
|a+| + |a−| . (10)

The rotation direction of the electric field can be quantitatively
described by the helicity, which is defined as

h = sgn(ε). (11)

The helicity h takes the values −1 and 1, indicating the two
opposite rotation directions.

III. RESULTS AND DISCUSSIONS

A. Properties in the spectral domain

A sketch of the systems is presented in Fig. 1. The CO
molecule is oriented along the y axis. The incident fundamen-
tal frequency laser is linearly polarized along the x axis, the
other weaker laser field is circularly polarized in the x-y plane
and their propagation directions are along the z axis.

The HHG driven by the LPCP laser field is shown in
Fig. 2. The fundamental laser wavelength is λ1 = 800 nm and
laser intensity is I1 = 2.5 × 1014 W/cm2. The assistant laser
wavelength is λ2 = 400 nm and laser intensity is I2 = 1.75 ×
1014 W/cm2. The relative phase �φ is 0.2π . The envelope
is trapezoidal with a two-cycle rising and a two-cycle falling
edge and a three-cycle plateau (in units of the optical cycle
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FIG. 2. The spectra of the left-circularly-polarized harmonics
(blue dashed line) and the right-circularly-polarized harmonics (red
solid line) from CO molecules in the LPCP field.

of fundamental laser field). The left- and right-circularly-
polarized harmonics are presented by blue dashed and red
solid lines, respectively. One can see that the intensity of the
right-circularly-polarized component is much larger than that
of the left-circularly-polarized component ranging from the
49th-order (presented by the dashed line) to the 59th-order
(presented by the dashed line). The harmonic ellipticity is as
high as 0.90 close to the cutoff region.

To analyze the reason why the ellipticity of the harmonics
close to the cutoff region is very high, we present the time-
frequency distribution of the HHG in Fig. 3(a) with the Gabor
transform. The color map of Fig. 3(a) represents the time-
frequency distribution in the logarithmic scale. Considering
the dipole acceleration Aq(t ) of Eq. (7), the Gabor transform
is performed as [39]

GT q[�, t0] = 1

2π

∫
dtAq(t )e−i�t e−(t−t0 )2/2σ 2

, (12)

where � is the frequency of the high-order harmonics. In our
study, we use σ = 1/4ω. The time-frequency distribution is
obtained by

IGT [�, t0] = IGTx [�, t0] + IGTy [�, t0]

=
∑

q=x,y

∣∣GT q[�, t0]
∣∣2

.
(13)

The ellipticity distribution is obtained by ε = |GT+|−|GT−|
|GT+|+|GT−| , in

which GT± = 1/
√

2(GTx ± iGTy). The time-frequency distri-
bution shows that the cutoff energy of the harmonic radiation
in one-third of the optical cycle is much higher than those in
the latter two-thirds of the optical cycle due to the asymmetry
of the LPCP field. To explain the manipulation of the electron
trajectory by the LPCP laser field, we calculate the classical
recombination paths by solving Newton’s equation [40] under
the LPCP laser field in Fig. 3(b). The classical recombination
times of the electrons are presented by the red hollow circles.
One can see three recombination bursts appear in one optical
cycle and the burst in one-third of the optical cycle has
the highest recombination energy, which coincides with the
results of Fig. 3(a). To discuss the time-frequency properties
of the harmonic ellipticity close to the cutoff region, we
present time-frequency distribution of the harmonic ellipticity

FIG. 3. Analysis of HHG from CO molecule and Kr atom.
(a) The time-frequency distribution of the HHG. (b) The classical
behaviors of the electrons by solving Newton’s equation under the
LPCP laser field. (c) The time-frequency distribution of the harmonic
ellipticity from CO molecule. (d) The time-frequency distribution of
the harmonic ellipticity from the Kr atom.

in Fig. 3(c). The bursts with the highest cutoff energy not only
exhibit the same helicity but also exhibit very high ellipticity.
Therefore, we demonstrate that the generation of high-order
harmonics with higher ellipticities benefits from manipulation
of the classical electron trajectory in the LPCP field. In
contrast, if an LP laser field is used, two bursts per cycle have
the same cutoff energy and opposite helicities despite they
both have high ellipticities. In addition, it is found that the
intensities for the long and short trajectories are comparable,
but the ellipticity for the long trajectory is higher than that for
the short trajectory. Further analysis on the HHG contributed
from short and long trajectories is discussed in Sec. III B.

To further reveal the contribution of the symmetries of
the molecular orbitals to high ellipticity, we compare the
HHG from CO and the reference atom Kr because the two
targets have similar ionization energies and different orbital
symmetries. We first compare the results based on TDSE [34].
The Kr atom is also modeled by a soft-core potential [41,42]
with a soft-core parameter of 4.15 to obtain the ionization
potential of Kr Ip = 0.5145 a.u. Since, in a neutral atom, all
the degenerate p orbitals are occupied, both the 4px and 4py

states contribute to the HHG. We present the time-frequency
distribution of the harmonic ellipticity from Kr in Fig. 3(d).
It is shown that the bursts from Kr have the same structure
as that from CO but the harmonic ellipticities in Fig. 3(d) are
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close to 0. This further indicates that the ellipticity is related
to the symmetry of the orbitals.

The TDSE calculation is two-dimensional, which reflects
the symmetry effect of the orbitals of CO and Kr atom.
However, the orbitals in this model still have difference from
the real orbitals. To describe the effect of symmetry with more
accurate orbitals, the real orbitals for CO and Kr, obtained
by an ab init io calculation using a 6-31G∗ basis set in the
GAUSSIAN software package [43], are chosen as the ground
states in the calculation below. From this, we calculate the
induced dipole moments D±

q contributing to the right- and left-
circularly-polarized components of different harmonic orders
[44,45].

D±
q = P(ks, ts, t ′

s )

× dion
[
v
(
ks, t ′

s

)]
e−iS(ks,t ′

s,ts)d±
rec[v(ks, ts)], (14)

with the complex-valued times of ionization t ′
s, recombi-

nation ts, and momentum ks = − ∫ ts
t ′
s

dt ′′A(t ′′)/(ts − t ′
s ). The

velocity of the electron is v(k, t ) = k + A(t ) with A(t ) =
− ∫ t E(t ′)dt ′. The times of ionization t ′

s and recombination
ts are given as solutions of the corresponding saddle-point
equations [46,47]

v
(
ks, t ′

s

)2
/2 = −Ip, (15)

v(ks, ts)2/2 = qω − Ip, (16)

with the harmonic order q and the ionization potential Ip.
Specifically, we choose the long or short trajectory by se-
lecting the saddle times of ionization t ′

s and recombination
ts. In Eq. (14), the term dion [v(ks, t ′

s )] is defined by dion =
〈v(ks, t ′

s )|�0〉. �0 is the ground state of the target molecule
CO or the atom Kr. In the third term e−iS of Eq. (14),
S is defined by S(ks, ts′ , ts) = ∫ ts

ts′
dt ′[v(ks, ts) − A(t ′)]2

/2 +
Ip. The last term is d±

rec = 〈�0|e∗
± · d|eiv(ks,ts )·r〉, where the

dipole operator d is projected on the relevant polarization
vector e± = 1√

2
(ex ± iey). In addition to these, the prefactor

P(ks, ts, t ′
s ) includes all other factors that are independent of

the molecular or atomic orbitals. To reveal the role of the
ground state on the harmonic ellipticity, we only need to
consider two terms of the induced dipole moments which
are dependent on the molecular or atomic orbital. These two
terms are defined by D±

q = dion · d±
rec. Since the amplitudes

of the |D±
q |2 approximately reflect the intensities of the left-

and right-circularly-polarized components for harmonics, we
simply calculate the ratio defined by rat io = |D+

q |2/|D−
q |2.

We present the ratios for the long and short trajectories from
CO and Kr in Figs. 4(a) and 4(b). One can see the much
smaller ratios in the case of Kr, as compared to CO. Resulting
from the isotropic structure of Kr 4p states, the ratios are close
to 1, i.e., the amplitudes of the |D±

q |2 of Kr are comparable.
But for CO, due to its asymmetric orbital structure, one
can see that the ratios are much larger than 1, i.e., |D±

q |2
are significantly different, and the bursts in Fig. 3(c) gain
high ellipticities [38,48]. This is because the phase difference
between the two orthogonal HHG components is close to 0
or π from a symmetric orbital, while the phase difference can
be close to π/2 from an asymmetric orbital as in the details
discussed in Ref. [48]. In addition, it is found that the ratios for

FIG. 4. Comparison of the ratios from CO molecule and Kr
atom. (a) The ratios of |D±

q |2 for the long trajectory contributed from
target molecule CO and atom Kr. (b) The ratios of |D±

q |2 for the short
trajectory from target molecule CO and atom Kr.

the long trajectory are larger than those for the short trajectory.
This issue will be studied further in the next section.

In addition, we compared the HHG with that in the BCCP
field with the same laser intensities and wavelengths in Fig. 5.
The BCCP laser field vector polarized in the x-y plane is
defined by E(t ) = f (t ){[E1 cos(ωt + �φ) + E2 cos(2ωt )]x̂+
[E1 sin(ωt ) − E2 sin(2ωt )]ŷ}. The intensity of the fundamen-
tal component is I1 = 2.5 × 1014 W/cm2 and the intensity
of the assistant component is I2 = 1.75 × 1014 W/cm2. The
relative phase �φ is 0.2π . The envelope f (t ) is trapezoidal
with a two-cycle rising and a two-cycle falling edge and a
three-cycle plateau (in units of the optical cycle of funda-
mental laser field). It is found that the HHG with the LPCP
scheme not only has the comparable intensity in the plateau
region as that with the BCCP scheme, which has been widely
applied in experiments for HHG, but also has a much wider
spectrum range. This implies that the HHG in the LPCP field
is favorable to generate APs.

B. Attosecond pulses

By taking advantage of the properties above, a highly
elliptically polarized APT can be obtained by filtering the
harmonics from the 49th order to the 59th order. The three-
dimensional (3D) plot of the electric field of the generated
APT is presented in Fig. 6. The full width at half maximum
(FWHM) of each pulse in the train is around 280 as. The

FIG. 5. The spectra of the left-circularly-polarized harmonics
(blue dashed line) and the right-circularly-polarized harmonics (red
solid line) from CO molecules in the BCCP field.
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FIG. 6. The 3D plot of the electric field of the APT generated by
superposing the 49th-order to the 59th-order harmonics.

projections of the electric field onto the Time-Ex plane and the
Time-Ey plane are presented. The projection onto the Ex-Ey

plane is also plotted, from which we calculate the ratio of
the minor axis to the major axis of the elliptically polarized
attosecond fields and the ellipticity ε of the APT is around
0.81.

According to Figs. 4(c) and 4(d), harmonic ellipticity for
the long trajectory is higher than that for the short trajectory.
To further discuss the harmonics for the long and short trajec-
tories, we use the Gabor transform to isolate the contributions
from long or short trajectory in the TDSE results [49]. The
corresponding harmonic intensity is obtained from the coher-
ent sum over the relevant time windows at times [t j, t j + �t]
that contribute to the long or short trajectory, respectively.
j = 1, 2, 3, 4 denotes the four windows in the four optical
cycles in the plateau of the trapezoidal pulse

IGT (�) = IGTx (�) + IGTy (�) =
∑

q=x,y

∣∣∣∣∣∣
4∑

j=1

ḠT q
[
�, t j

]∣∣∣∣∣∣
2

(17)

with ḠT q(�, t j ) = ∫ t j+�t
t j

dtGTq[�, t]. From this, we obtain
the HHG for the long and short trajectories, respectively, as
shown in Figs. 7(a) and 7(b). The left- and right-circularly-
polarized harmonics are presented by blue dashed and red
solid lines. 3D plots of the electric field of the generated APTs
are presented in Figs. 7(c) and 7(d). As for harmonics for the
long trajectory, the intensity of the right-circularly-polarized
component is six orders of magnitude larger than that of
the left-circularly-polarized component ranging from the 49th
order to the 59th order. One can see the smaller helicity
difference in the case of the short trajectory as compared to
that for the long trajectory. The calculated ellipticities ε of the
APTs for the long and short trajectories are around 0.86 and
0.75, respectively. One sees that the ellipticity of the APT for
the long trajectory is even higher than that of the generated
APT from the total harmonics in Fig. 6. Therefore, if one
wants to further improve the ellipticity, a higher harmonic
ellipticity can be obtained by filtering the long trajectory. In

FIG. 7. The HHG and APTs contributing from the long and
short trajectories. (a) The HHG contributing from the long trajectory.
(b) The HHG contributing from the short trajectory. (c) 3D plot of
the electric field of the generated APT contributing from the long
trajectory. (d) 3D plot of the electric field of the generated APT
contributing from the short trajectory.

the following discussions, we do not filter the short or long
trajectory and still consider the total harmonic spectrum.

It is possible to produce highly elliptically polarized IAPs
by using shorter LPCP driving field. A sin-squared envelope
sin2 ( πt

T ) is used to characterize the pulse profile. We set the
width of the driving pulse as T = 10 T0 where the FWHM
of the driving pulse is about 9.7 fs. The relative phase �φ

is 0.30π . The HHG of right- and left-circularly polarized
components are presented in Fig. 8(a). The intensity of the
right-circularly polarized component is much larger than that

FIG. 8. Results of HHG from CO molecules driven by the shorter
LPCP pulse. (a) The spectra of the left-circularly-polarized harmon-
ics (blue dashed line) and the right-circularly-polarized harmonics
(red solid line). (b) The time-frequency distribution of the HHG.
(c) The 3D plot of the electric field of the IAP generated by super-
posing the 55th-order to the 65th-order harmonics. (d) The temporal
profiles of IAPs in the cases of �φ = 0.10π , 0.15π , 0.20π , 0.25π ,
0.30π , 0.35π .
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FIG. 9. The ellipticity of high-order harmonics and IAPs versus
different �φ. (a) The ellipticity distribution as a function of �φ and
harmonic order. (b), (c) Electric fields of the synthesized IAPs onto
the Ex-Ey plane for �φ = 1.50π, 0.30π corresponding to the regions
marked by the white thick lines in Fig. 9(a). The arrows in the electric
field curves label the direction of rotation. (d) The ellipticities of
IAPs as a function of �φ.

of the left-circularly polarized component in the range from
the 55th-order (presented by the dashed line) to the 65th-order
(presented by the dashed line). We present the time-frequency
distribution of the harmonic spectra in Fig. 8(b) corresponding
to the HHG of Fig. 8(a). The color map of Fig. 8(b) represents
the time-frequency distribution in the logarithmic scale. The
time-frequency distribution shows that the cutoff energy of
one burst around the fifth optical cycle is much higher than
those of the other bursts so that there is only one harmonic
radiation burst ranging from the 55th order to the 65th order.
Therefore, a single pulse can be obtained by filtering the spec-
tra close to the cutoff region. 3D plot of the electric field of the
synthesized IAP is presented in Fig. 8(c). The projections of
the electric field onto the Time-Ex plane, the Time-Ey plane,
and the Ex-Ey plane are also presented. According to the ratio
of the minor axis to the major axis of the field, the ellipticity
ε of the IAP is 0.88. In Fig. 8(d), we show that the temporal
profiles of IAPs in the cases of �φ = 0.10π , 0.15π , 0.20π ,
0.25π , 0.30π , 0.35π . It is shown that the ellipticities of the
IAPs are ε ≈ 0.60, 0.86, 0.84, 0.82, 0.88, 0.83, respectively,
and the pulse durations are around 300 as.

By adjusting the relative phase �φ ranging from 0 to
2π , the ellipticity of the IAPs can be effectively tuned. The
ellipticity distribution as a function of �φ and harmonic order
is presented in Fig. 9(a). The red color represents positive
ellipticities, which indicates that the high-order harmonics are
right-elliptically polarized. The blue color represents negative
ellipticities, which indicates that the high-order harmonics
are left-elliptically polarized. One can see that the ellipticties
are modulated by the relative phase with a period of π . The
harmonic ellipticities remain around 0.70 ranging from �φ =
0 to �φ = 0.50π and −0.60 ranging from �φ = 1.40π to

�φ = 1.90π . Therefore, the IAPs with the opposite helicities
can be produced. The electric fields of two typical IAPs
by superposing a series of high-order harmonics (from the
55th order to the 65th order) for �φ = 1.50π and 0.30π are
presented in Figs. 9(b) and 9(c). The ellipticities of the two
IAPs calculated from the ratio of the minor axis to the major
axis of the electric field are −0.73 and 0.88, respectively. To
clearly exhibit the variation of the ellipticities of the IAPs, we
present the ellipticities of the obtained IAPs in Fig. 9(d), as
a function of �φ ranging from 0 to 2π . One can see that the
ellipticity of the IAP will be tuned rapidly from −0.73 to 0.88
by changing the relative phase.

C. Molecular orientation distribution

Our scheme requires orientation of the molecules, but a
practical orientation in experiments cannot be perfect. There-
fore, it is necessary to consider the molecular orientation
distribution [50–52]. Specifically, the molecular orientation
can be achieved by applying a one-color alignment pulse
followed by a two-color orientation pulse [50]. We assume
that the same molecular orientation distribution is obtained
by following the approach introduced in Ref. [50]. The ori-
entation distribution is presented in Fig. 10(a). From this,
the time-dependent dipole acceleration Aq(t ) is coherently
averaged over the molecular axis distribution. We present the
HHG considering the orientation distribution in Fig. 10(b).
Compared to the results with a fixed orientation, one can
see the main feature of the HHG remains the same, while
the ellipticty is decreased due to the imperfect orientation.
An elliptically polarized IAP can be obtained by filtering the
harmonics from the 49th order to the 59th order. The 3D
plot of the electric field of the generated IAP is presented in
Fig. 10(c) and the ellipticity ε of the IAP is 0.56. By further
optimizing the orientation, the ellipticity is expected to be
further improved.

In addition, we also consider other configurations. Fig-
ure 11(a) presents the HHG spectrum when the CO molecules
are aligned but not oriented. One can see that the intensity of
the right-circularly-polarized component is larger than that of
the left-circularly-polarized component ranging from the 49th
order (presented by the dashed line) to the 59th order (pre-
sented by the dashed line). The IAP obtained by synthesizing
this spectral range is shown in Fig. 11(c), with the ellipticity
of 0.55. The results indicate that, although the ellipticity is
smaller than that for oriented molecules, elliptically polarized
IAP can still be obtained close to the cutoff region. Therefore,
if a much higher harmonic ellipticity is not demanded, one
can choose molecules aligned but not oriented to simplify the
experiment. We also study the case when the CO molecules
are oriented along the x axis as shown in Figs. 11(b) and
11(d). Elliptically polarized AP can be obtained by filtering
the harmonics from the 35th order (presented by the dashed
line) to the 45th order (presented by the dashed line) while
the ellipticity is dramatically decreased in the range from the
55th order to the 65th order. The result shows that the HHG is
sensitive to the molecular orientation and one can adjust the
harmonic ellipticity by changing the orientation angle.

Although our scheme requires one more step, i.e., the
orientation, in experiment than some methods (for example,

053437-6



NEAR-CIRCULARLY-POLARIZED ATTOSECOND PULSE … PHYSICAL REVIEW A 101, 053437 (2020)

FIG. 10. The HHG and IAP considering the molecular orienta-
tion distribution. (a) The molecular orientation distribution. (b) The
spectra of the left-circularly-polarized harmonics (blue dashed line)
and the right-circularly-polarized harmonics (red solid line) consid-
ering the oriented axis distribution. (c) 3D plot of the electric field of
the generated IAP.

when atomic noble gas is used as the HHG target), those meth-
ods have their own drawbacks, for example, smaller ellipticity
of the synthesized AP, as discussed in the Introduction. In
our method, the HHG in LPCP field from CO molecules
results in a broadband high harmonics spectrum with high
average ellipticity. Our method is favorable for applications
when one needs the broadband highly elliptically polarized
radiation. One should choose a suitable method according
to the demand. With the improvement of techniques, it has
been easier to achieve the orientation of polar molecules (for
example, CO, OCS) nowadays [50–52].

IV. CONCLUSION

In summary, we proposed a method for producing highly
elliptically polarized APs from CO molecules using an LPCP

FIG. 11. The HHG and IAPs from CO aligned along the y axis
and oriented along the x axis. (a) The spectra of the left-circularly-
polarized harmonics (blue dashed line) and the right-circularly-
polarized harmonics (red solid line) from CO aligned along the y
axis. (b) The spectra of the left-circularly-polarized harmonics (blue
dashed line) and the right-circularly-polarized harmonics (red solid
line) from CO oriented along the x axis. (c) 3D plot of the electric
field of the generated IAP from CO aligned along the y axis. (d) 3D
plot of the electric field of the generated AP from CO oriented along
the x axis.

driving laser field. By performing a time-frequency analysis
of the harmonic spectra and ellipticity, calculating the clas-
sical recombination paths and comparing the induced dipole
moments from CO and Kr, we find that the phenomenon
is due to the manipulation of the classical electron trajec-
tory by the LPCP laser field and the molecular asymmetric
structure. We demonstrate that the LPCP laser field leads to
an asymmetric recombination so that one of three bursts per
cycle has the highest recombination energy than the other
bursts. In additions, due to molecular asymmetric orbital, the
induced dipole moments D±

q contributing to the right- and
left-circularly-polarized harmonics are significantly different.
Because of the difference of harmonic ellipticities contributed
to by the long and short trajectories, an even higher harmonic
ellipticity can be obtained by filtering the long trajectory. Last
but not least, by adjusting the relative phase between LP and
CP fields, the ellipticities of the IAPs can be tuned in a wide
range.
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